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Abstract: The 3D point clouds obtained from the low-cost, remote, and precise SfM (Structure from
Motion) technique allow the extraction and acquisition of discontinuities and their characteristics both
manually, with the compass and virtual ruler of the Cloud Compare software, and automatically with
the DSE (Discontinuity Set Extractor) program, which is faster, more accurate, and safe. Some control
plans have been used, which basically consist of identifying one or several fractures and taking
measurements on them manually and remotely. The difference between both types of measurements
is around 5°, which we believe is reasonable since it is within the precision and repeatability of
measurements with a geologist’s compass. This work analyzes the stability of six slopes (five
excavated and one natural) by applying five different analysis methodologies based on the rock
mass classification system (SMR, RHRSmod, and Qslope), kinematic analysis, and analytical analysis
(limit equilibrium). Their results were compared with what was observed in the field to identify the
most appropriate analysis methodologies adjusted to reality. The necessary parameters for analyzing
each of the slopes, such as orientation, quantity, spacing, and persistence of the discontinuities, were
obtained from the automatic analysis. This type of analysis eliminates the subjectivity of the authors,
although the findings are related and resemble those obtained manually. The main contribution of
the article consists of the application of fast and low-cost techniques to the evaluation of slopes. It is
a type of analysis that is in high demand today in many Andean countries, and this work aims to
provide an answer. These methodologies suggested by scientific articles such as this one will later
be integrated into some procedures and will be taken into account by technical reports. The results
show that with the available information and by applying low-cost techniques, the SMR system
is the methodology that presents the best results and adjusts better to the reality of the study area.
Therefore, SMR is a necessary parameter to determine rockfall hazards through modified RHRS.

Keywords: structure from motion; discontinuity set extractor; cloud compare; rock mass classification;
analytical analysis; kinematic analysis

1. Introduction

Characterizing the rock mass and analyzing the stability of rocky slopes on roads is
fundamental and necessary to guarantee users’ safety. Slope analysis is traditionally carried
out using geomechanical stations with a hand compass, tape measure, and other tools to
describe the conditions of the joints, such as the sclerometer and Barton comb [1]. There
are several methodologies for slope stability analysis: limit equilibrium methods [2—4];
kinematic analysis [5,6]; empirical methods, such as geomechanical classifications (Rock
Mass Classification—RMR; Barton’s Q Index—Qsystem; Barton’s Q Slope Index—Qslope;
Slope Mass Classification—SMR; Rockfall Hazard Classification System—RHRS) [7-9];
numerical methods [10,11]. All these methodologies need a correct characterization of the
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discontinuities since the mechanical, hydraulic, and deformational behavior of the rock
mass depends on them [12]. Discontinuities are nothing more than cracks and fractures in
the rock mass with low or no tensile strength [13].

The analysis of discontinuities In rocky slopes through 3D point clouds (3DPC), ob-
tained through remote techniques such as Structure from Motion (5fM), has been gaining
prominence in recent years. SfM provides geometric information on the external surface of
the slope, allowing the obtaining of data in places of difficult access and their safe analysis.
With the SfM technique, high-resolution data sets are identified at different scales and at a
low cost, requiring only superimposed and displaced images [14], which makes it ideal for
low-cost research in remote areas, as the case of this study. In addition, by SfM, the recogni-
tion and classification of discontinuities through semi-automatic recognition methodologies
can be possible [15-18]. Various algorithms developed in recent years [16,19-21] allow the
automatic acquisition of the discontinuity planes (spacing, persistence, roughness) from
3DPC of physical parameters. The level of detail obtained in 3DPC with SfM techniques,
according to [12], is similar to that obtained by laser scanning techniques, with the great
advantage of being a considerably cheaper technique. On the other hand, [22] considers
acceptable a difference in orientation values of the discontinuities measured in the field
with a 3DPC of £5°. In the slopes analyzed in the present study, there is an average
precision of 4° for the direction of the dip and 2° for the dip, with a maximum variability of
6° in the direction of the dip in one of the slopes studied. Similarly, [22] point out that the
automatic extraction of discontinuities can be considered the most objective method since
it minimizes the operator’s influence. Therefore, for the stability analysis carried out in this
study, we worked with the information obtained automatically using the Discontinuity Set
Extractor (DSE) algorithm.

The general objective of this study is to assess the benefits of each of the different slope
stability analysis methodologies based on the data obtained from the 3DPC to identify
the method that best fits the reality of the study area. To this end, slope stability analysis
with empirical methods SMR, Qgjope, and RHRS o4 [8,23,24], the limit equilibrium method
with the help of commercial programs such as Rocplane and Swedge from Rocscience
(limit equilibrium analysis is not performed for overturning failures because the detailed
geometry of the slopes is not available), and finally kinematic analysis applying the JRC-JCS
model by Barton and Bandis detailed in [25] are proposed.

The study area is located to the South West of the Ecuadorian Andes (Figure 1a),
specifically between km 78 + 000-92 + 000 of the Cuenca-Girén-Pasaje road heading East-
West (Figure 1b). The sector is mainly made up of ignimbritic deposits belonging to the
Saraguro Group and the Jubones and Santa Isabel formations [26-29]. Andesitic lavas and
welded ignimbrites from dacitic to a rhyolitic composition rich in plagioclase, biotite, and
quartz crystals predominate in the area [30] (Figure 1c). This section of the road presents
cutting slopes with large-scale columnar cooling joints with inclinations in the range of
80°-90° and variable heights between 10 m—100 m. This, added to the notorious presence
of discontinuities and fallen rock blocks on the road, makes it difficult to collect information
in the field and makes it necessary to use remote techniques such as SfM to complement,
guarantee, and improve the accuracy of the field information.
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Figure 1. General aspects of the study area: (a) Location of the study area: Azuay (Ecuador).
(b) Aerial view of the analyzed area with the main structural lineament [31]. (c) Geological map of
the study area: Saraguro group (E3n;S), Jubones formation (njn;Jb), Jubones formation (njn;Jb).
IIGE (2005—modified). The numbers included in the figure are the studied slopes.

2. Materials and Methods
2.1. Information Gathered in the Field

Generally, information gathering is carried out in the field using geomechanical sta-
tions through standardized surveys [1]. However, in this work, remote techniques such as
SfM [32,33] were applied to characterize rock masses more safely and quickly, using them
to complement the traditional method.

The field campaigns were carried out in May and June 2022. On each slope (Figure 2),
nine discontinuity orientation measurements were obtained (dip and dip direction), which
later allowed verifying the degree of precision of the photogrammetry. In addition, different
characteristics of the discontinuities of the slopes were obtained in the field, such as
roughness, degree of weathering, resistance to compression, and quality of the rock, as
well as geometric characteristics of the slope, such as height, orientation, and type. Table 1
shows these results. The coordinates are represented in the UTM WGS 84 17S system.
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Figure 2. General view of slopes analyzed in the Cuenca—Girén—Pasaje route direction East-West: (a)
Slope 1; (b) Slope 2; (c) Slope 3; (d) Slope 4; (e) Slope 5; (f) Slope 6.

Table 1. General information on the location, geometry, and orientation of the analyzed slopes (dip
direction and dip of slopes are indicated, not joint sets).

. ) Coordinates . DIP Slope DIP DIR Type of No. of
Slope N Location East North Height (m) ©) P Slope (°) glI:)pe Photographs
1 km 78 + 740 680,392 9,631,487 46.80 76 315 Excavated 250
2 km 80 + 900 680,041 9,631,075 13.50 85 55 Excavated 135
3 km 84 + 475 677,153 9,630,275 32.50 82 215 Excavated 82
4 km 84 + 635 676,963 9,630,415 23.60 80 185 Excavated 88
5 km 87 + 700 674,342 9,630,924 40.00 90 45 Natural 109
6 km 91 + 080 671,281 9,631,878 33.70 83 180 Excavated 171

Likewise, a photographic survey was carried out with a Can-non-Eos Rebel T4i digital
camera, which allowed complementing the information from the analysis of discontinuities
by creating the 3D point cloud. On a board at the foot of the slope aligned vertically (90°),
whose course is known, three ground control points are placed with which the 3DPC could
be scaled and oriented according to the methodology of [22].

Actually, to generate a digital model of the slope for compass orientation measure-
ments, based on this “fast and low cost” methodology, the type of camera to use is not
significant. If it is pursued to elaborate detailed photogrammetry, of course, the better the
optics and the sensor, the better the result will be. Until relatively recently, about ten years,
calibrated cameras were used for photogrammetry (1). Currently, and for this type of scope,
any digital or mobile camera can be used for the objectives pursued in this research. In
the case of very large slopes of more than 30 m, the use of a tripod and optical zoom is
highly recommended.

2.2. 3D Point Cloud

Digital image processing was performed with Agisoft Metashape Version 1.7.3 Demo
mode software, which allows 3D construction from multiple views of images. The number
of photographs used in these models varies between 82 and 250 (last column of Table 1);
photo size 5184 x 3456 pixels; 72 dpi resolution. Quality is greater than 0.5 units, according
to [34]. This value is automatically calculated based on the sharpness level of the most
focused part of the image.

The processing of the images with Metashape followed these steps [34]: (a) image
loading; (b) inspection and discard of images with quality lower than 0.50 units; (c) auto-
matic camera alignment; (d) construction of the 3D point cloud. In each step, we worked
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with the highest quality to obtain the greatest number of points and clouds as real as
possible (Figure 3a). Then, in the Cloud Compare software version 2.12 [35], the 3DPC
obtained was loaded. Finally, using a Brunton-type compass, it was verified that the orien-
tations measured at the points marked (Figure 3b) were similar and consistent compared
to the measurements; this was to guarantee that the orientation and scaling of the 3DPC
were correct.

ey

—

Figure 3. Construction of the 3D point cloud with the Agisoft program (for example, Slope 2 located
at km 80 + 900): (a) 3D point cloud and camera orientation; (b) orientation control points and ground
control points.

2.3. Identification of Discontinuities

Once the orientations and scaling of the 3DPC were built and validated, the identi-
fication of the discontinuities was carried out using two methods: (a) manual, with the
support of the virtual compass of the Cloud Compare software, and (b) automatic, with the
open-source program Discontinuity Set Extractor (DSE).

Hundreds of orientation measurements of the discontinuities were obtained manually,
according to Table 1, creating groups of points through stereograms. Each important
set of points corresponds to a family of discontinuities. On the other hand, DSE is a
program that works in the MATLAB environment and allows families of discontinuities
and their orientations to be identified automatically [17] (Figure 4). In addition, it is
possible to calculate the normal spacing of the discontinuities [20] and the persistence [21].
Table 2 shows the parameters used in the development of this study for the analysis of
discontinuities with DSE, in agreement with [17].

Figure 4. Discontinuities automatically identified with DSE of Slope 2 located at km 80 + 900: (a) J1;
(b) J2 and (c) J3.
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Table 2. Parameters used in DSE to obtain discontinuities automatically.

Basis Parameter Value

Calculati fth | The number of closest neighbors (knn). 30

alculation of the normal vector Tolerance/Coplanarity test (h). 0%

. . The number of bins for density analysis. 256

Calculation of the main poles The minimum angle between the main poles. 30

Assignment of points to The maximum angle between a pole and its 30
main poles corresponding main pole.

Cluster Analysis The minimum number of p01.nts per Cluster. 100

Cluster plane grouping (k). 2

The parameter that has the greatest influence on the results is the number of neighbors
(knn); as knn increases, the calculated normal vectors are less dispersed around the mean
value, which means a higher precision is obtained. In the present study, the value of 30,
recommended by [17], was adopted. On the other hand, by changing the values of other
parameters, possible unrepresentative families of discontinuities can be obtained, thus
decreasing the precision and coverage of the main identified discontinuity planes. Very
high values of the maximum angle between a pole and its corresponding main pole can
give poor results if two families of discontinuities have close orientations, while very low
values generate a large number of families of discontinuities that cover most of the studied
surface. When applying the minimum number of points per Cluster, values below 100 are
recommended, thus eliminating planes that may represent fallen rocks or slope vegetation.
While values greater than 100 can eliminate real discontinuity planes.

2.4. Analysis with Empirical Methods

Rock mass classification systems have been used for several decades to assess the
behavior of rock-cut slopes [36,37]. The main factors involved in most empirical classifica-
tions, according to [38], are the following: (a) intact rock strength (UCS); (b) the quality of
the rock (RQD); (c) the conditions of the discontinuities (number of families, roughness,
weathering or alteration, spacing and persistence of the discontinuities); (d) groundwater
flows; (e) stress-reducing factor (SRF).

The geological strength index (GSI) and the intact rock strength (UCS) were obtained
directly in the field through observation and the N-type Schmidt hammer, respectively.
At the same time, the RQD and the RMR classification were determined in the office by
combining the data obtained in the field and through the 3DPC.

Among the various slope classifications that exist today [39-43], two stand out and
are used worldwide: (a) the Slope Mass Rating or SMR [8], which was developed from
Bieniawski’s RMR, providing adjustment or correction factors (Equation (1)) depending on
the type of excavation method (F4) and the orientations of the discontinuities and the slope
(F1, F2, F3); (b) the Qqope index [7,23], uses the same four parameters RQD, Jn, Jr, Ja, of
the Barton’s Q index and the other two are replaced by the environmental and geological
condition number (Jyice) and by the greatest of the following stress-reduction factors for
the slope considering the physical condition (SRF,), similar to the Q index (SRF;), and
(SRE,) that considers the largest discontinuity. In addition, in this system, the discontinuity
orientation (O) becomes important (Equation (2)).

SMR = RMR + (F1 x F2 x F3)+ F4 1)
_ RQD ]l ]wice
Qslope = In X < ] a)o X SRFqope 2)

In [23], a simple formula (Equation (3)) is presented to determine the maximum slope
angle that a slope can have to be considered stable and not require support. The said angle
is compared to determine if the slope is stable or unstable.
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B = 20 log;(Qslope + 65° 3)

Additionally, considering that rockfall is an important hazard in rock slope cuts for
roads and the presence of rock blocks on the sides of the analyzed road due to the steep
cut angles and notorious fractures of the slopes, a rockfall risk analysis was carried out.
According to the RHRS,,,q classification, values in the range of 200-300 correspond to
medium rockfall risk, while values in the range of 300-400 correspond to slopes with high
rockfall risk, for which corrective action is necessary.

To determine the danger of rockfall, the Rockfall Hazard Classification System (RHRS;;,4)
modified by [44] was applied, developed from the one presented by the Oregon State High-
way Division [45] described in detail in [9] and exemplified in [46]. In [44], the exponential
functions applied for calculating the scores of the RHRS,,,4 method are shown. For all the
slopes analyzed, the following data were assumed: (a) average vehicle risk (AVR) = 60%;
(b) decision sight distance (%D,) = 50%; (c) mean annual precipitation (h) = <400 mm
and (d) rockfall frequency (f) = three per year. All other parameters necessary for the
methodology were obtained in the field. In addition, it is important to clarify that the fall
of individual blocks in the area is typical, so the block size is considered for the score.

2.5. Kinematic Analysis

In agreement with [6], and since these are shallow slopes of competent rock with a
structurally controlled stability, a kinematic analysis was carried out with the support of
DIPS software Version: 6.008 from Rocscience Inc., Toronto, ON, Canada. The families of
discontinuities were identified automatically with the DSE program, and the friction angle
was determined by applying the criterion of [25]. The kinematic analysis was carried out
with DIPS, and it was corroborated with the failure conditions for planar failure, wedge
failure, and overturning failure defined by [5], which are a function of the friction angle,
dip, and direction of dip of both the discontinuities and the slope.

For applying the Barton & Bandis criterion, the following parameters were assumed:
basic friction angle ¢}, = 35°, rock specific weight y = 0.026 MPa, and joint roughness
coefficient JRC = 8 for all the slopes. The compressive strength of the JCS joints was
measured in the field with the Schmidt hammer, and ¢, was obtained according to what is
indicated in the Barton—Choubey relation [47], ranging from 26 grades to 31 grades.

2.6. Limit Equilibrium Analysis

The types of slope failure can be: (a) circular [2], (b) demolition [2], (c) planar [3], and
(d) wedge [4]. The first two types of failure require knowing the geometry in detail; hence,
as the objective of this study is to use low-cost methodologies, it became impossible to
carry out a limit equilibrium analysis of the slopes for these types of failure. However,
a limit equilibrium analysis, also known as an analytical analysis, was carried out by
determining the Factor of Safety (FS) (Equation (4)) for plane and wedge breaks. The
analytical analysis calculates the resistant or stabilizing forces (Fest) and divides them by
the acting or destabilizing forces (F4es), obtaining a value greater than 1 to consider that the
slope is stable.

1:"est
1:cles

FS = (4)

The stability analysis of the slopes for flat failures was carried out with the help
of the commercial program RocPlane Version 2.029, which analyzes the stability of flat
landslides using the limit equilibrium method. On the other hand, the Swedge Version
4.078 program was used for the wedge failure analysis, which evaluates the geometry and
stability of tetrahedral surface wedges in rocky slopes using limit equilibrium methods.
The calculation of the stabilizing forces in the case of plane cracks was applied using
the Barton & Bandis criterion (Equation (5)), with the same parameters calculated in the
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kinematic analysis. While for the analysis of wedge failures, the Mohr—Coulomb criterion
was applied, assuming zero cohesion, the most unfavorable condition of the slope.

CS

T= 0p tan []RC log, (L) + d)r} (5)
n

3. Results

3.1. Analysis of Families of Discontinuities

From the point clouds obtained for each of the slopes and explained in detail in
Section 2, it was possible to identify between three and four families of discontinuities (J;)
using the two applied techniques. For the manual analysis, between 150 and 300 planes
were measured. On slope number 5, the manual analysis identified a fourth family of
discontinuities (J4), which has a dip close to zero and does not outcrop, so it is not found
in the automatic analysis. The automatic analysis with DSE allows the measurement of
thousands and even millions of points, identifying important discontinuities not defined
in the manual analysis, as in the case of Slopes 1 and 6. Table 3 presents the families
of discontinuities obtained by the two methods and the number of measurements in
each analysis.

Table 3. Orientations of the discontinuities obtained manually by combining the measurements with
a compass in the field and a virtual compass, and those obtained automatically with DSE (note that
in the table, the orientation of joint set is referred to as dipdirection/dip).

Virtual Analysis Automatic Analysis
Joint Sets Identified Joint Sets Identified
Slope N° (Orientation DipDir/Dip) (Orientation DipDir/Dip)
Number of DSE Measurements

n J2 I3 J4 Measurements n J2 J3 Ja (Pts */Cluster)
1 315/75 274/81 051/86 N.L 190 319/76  276/80 055/88 156/34 3,586,666 * /684
2 067/83 012/81 050/51 N.E. 250 070/86 015/80 073/39 N.E. 754,110 */442
3 222/88 166/30 184/89 025/46 300 216/83 189/39 000/85 057/72 1,941,850 */1136
4 011/76  206/36 185/82 055/82 151 355/75 204/45 193/75 036/76 447,726 * /784
5 269/89 233/86 160/89 347/03 186 261/87 230/87 170/89 N.L 481,677 * /342
6 174/68  340/37 N.L 327/84 230 183/68 337/39 216/86  326/85 1,542,583 * /1374

N.I = Not Identified; N.E. = Does not exist; * Number of orientation measurements found automatically.

The dip and dip direction values presented in Table 1 refer to the orientation of the
analyzed slope. On the other hand, Table 3 presents the orientations of the different
families of discontinuities identified from the 3D point cloud (3DPC) for the two analyses.
The manual analysis was carried out in the Cloud Compare program through the virtual
compass, while the automatic analysis was carried out with the Discontinuity Set Extractor
(DSE) program. As mentioned in the discussion, the mean absolute variation of dip
direction and dip is less than 10° and 5°, respectively, between the orientations obtained
manually with Cloud Compare and those obtained automatically with DSE. The average
precision of the dip direction is 4 degrees, and the dip is 2 degrees, with a maximum
variability of 6 degrees in the dip direction for one of the slopes studied. This comparison
corresponds to the measurement of the 9 field control planes of each slope (Figure 3b) with
those obtained with the virtual compass from the 3DPC, at the same marked points. This
procedure was carried out in order to verify and guarantee that the orientation and scaling
of the 3DPC are adequate.

Table 3 shows the measurements of each joint set identified: Virtual Analysis indicates
that this joint set has been identified in the CloudCompare program (the set notation is
the same as those identified in the field at geomechanical stations) and its dip direction
and dip (orientation) has been measured using the program’s “measure compass” tool.
The block on the right of Table 3 refers to the automatic measurement of joint sets: using
the same CloudCompare model already analyzed, an automatic measurement of joints is
performed with the DSE application. The results are not the same as obtained manually,
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since a multitude of planes is measured that are grouped into sets and do not have to be
the same planes measured. Note, for example, in Table 3, slope J1, that in Virtual Analysis,
190 measurements have been made, and in Automatic, more than three million. On the other
hand, the “precision” of the methodology, combining manual and remote, has been carried
out with the so-called “control planes”, which, as mentioned, there are nine, and they
simply consist of marking a plane with a color and measuring it accordingly—manually
and then in the CloudCompare program.

For the analysis in which it is necessary to know the orientation of the discontinuities,
as is the case of the kinematic analysis and SMR, we worked with those identified automat-
ically since it eliminates the subjectivity of the authors. Figure 5 shows the discontinuities
obtained for each slope with the support of the DSE program.

Figure 5. Automatic identification of discontinuities with the support of the DSE program: (a) Slope
1; (b) Slope 2; (c) Slope 3; (d) Slope 4; (e) Slope 5; (f) Slope 6.

3.2. Rock Mass Classification Systems
3.2.1. Slope Mass Rating

According to the basic RMR, the rock masses are of fair to good quality with values
between 50 and 70; however, when applying the correction factors to determine the SMR,
values below 40 were obtained in five of the six slopes analyzed, classifying them as poor-
quality unstable slopes. The orientation of the most unfavorable discontinuities could cause
a wedge failure on Slopes 1 and 6 and a possible planar failure on Slopes 2, 3, and 4. It is
also worth mentioning that four of the slopes analyzed are partially stable against failure
due to overturning. Table 4 shows the results, parameters, and factors considered to obtain
the SMR.
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Table 4. Parameters and correction factors used to determine the SMR rock mass classification system

for slopes.
. ucs Break Correction Factors L
Slope N GSI RQD (MPa) RMR (Family) 1 T2 F3 Fa SMR  Stability
P (J1) 1.00 100  -25 45 PS
1 75-80 100 40 70 W (J2-J3) 0.70 1.00 —50 0 35 U
T (J3) 040  1.00 -6 67 S
P (J3) 070 085  —60 24 U
2 60-65  95-100 38 60 W (J1-]2) 0.15 1.00 —50 0 52 PS
T 0.15 1.00 0 60 S
P (J2) 040 085  —60 38 U
3 55-60 85-95 40 59 W (J2-]4) 0.15 0.40 —60 0 55 PS
T (J4) 040 100  -25 49 PS
P (J2) 070 085  —60 27 U
4 55-60 77-87 51 63 W (J3-J4) 0.15 0.85 —60 0 55 PS
T (1) 070 100  -25 45 PS
P 0.15 0.15 0 68 S
5 50-55 75-85 58 53 w 0.15 0.15 0 15 68 S
T (J2) 085 100  -25 46 PS
P (J1) 1.00 100  —60 10 U
6 50-55 50-60 46 46 W (J1-J4) 0.15 1.00 —60 0 37 U
T (J4) 0.15 1.00 -25 42 PS
P = planar tear; W = wedge break; T = Overturning; U = unstable; PS = partially stable; S = stable.
3.2.2. Qqiope Index
All the slopes analyzed are formed by competent rocks and are located in a desert
environment. In general, the slopes present a degree of alteration with small displacements
and roughness between smooth flat and rough wavy. According to the Qgjope, Slope 1 can
be considered stable. While in the other slopes, all present dip angles were much greater
than the one suggested () by this classification method (Table 5). The Qqjope classification
was created to analyze highway slopes, which is why on Slope 5, a natural slope, the results
are inconsistent when compared to the SMR classification.
Table 5. Calculation of the average parameters to identify the Qslope of the slopes studied:
U = unstable; S = stable.
Calculation Factors .
Slope N° RQD Jn Jr Ja Ofactor  Jwice SRE  Qslope B ) Stability
1 100 9 3 4 1.00 1 2.5 3.33 75 S
2 100 9 2 6 0.75 0.8 5 0.44 58 U
3 90 15 3 2 0.75 0.8 5 1.08 66 U
4 80 15 3 2 0.75 0.8 5 0.96 65 U
5 80 9 1 6 0.50 0.8 4 0.15 48 U
6 55 9 3 4 0.50 0.8 5 0.37 56 U

When carrying out the SMR classification, the F4 correction factor is considered, which
depends on the type of slope excavation, and in the case of being a natural slope, 15 points
are assigned to it since it has not been subjected to any type of external actions. In addition
to this, SMR considers the orientations of the discontinuities and the slope to calculate the
other correction factors that allow the SMR value to be determined; on the other hand,
the Qslope system does not consider whether the slope is excavated or natural in any of
its parameters.



Remote Sens. 2023, 15, 862

11 of 17

3.2.3. Modified Rockfall Rating System (RHRS,o4)

The notorious presence of fallen rocks arranged on one side of the analyzed road
makes the classification through this method more critical. On this occasion, the modified
RHRS system was preferred over the traditional Hoek system because the methodology
proposed by [44] adds the previously calculated Slope Mass Rating (SMR) category to the
scoring evaluation. The RHRSmod classification was not applied to Slope 5 since it is not
a road slope. RHRSmod values of 368, 240, 281, 240, and 344 were obtained for Slopes 1,
2,3, 4, and 6, respectively. These values correspond to medium to high rockfall risks that
require corrective measures. Table 6 shows the parameters applied with the score adopted
in the analyzed slopes.

Table 6. Values and scores for each of the parameters applying the RHRSmod methodology.

Slope 1 Slope 2 Slope 3 Slope 4 Slope 6
Category
Value Point Value Point Value Point Value Point Value Point
Slope height (H) meters 46.8 81 13.5 7 325 81 23.6 32 33.7 81
Trench Effectiveness N.c. 81 N.c. 81 N.c. 81 N.c. 81 N.c. 81
Average Vehicle Risk (AVR) 60 14 60 14 60 14 60 14 60 14
Decision sight distance (%Da) 50 47 50 47 50 47 50 47 50 47
Road width (Lc) meters 10 25 10 25 10 25 10 25 10 25
Slope Mass Rating (SMR) 27 26 24 39 38 10 27 26 10 81
Block size (Db) 2.86 81 0.72 14 0.63 10 0.22 2 0.27 3
Annual rainfall (h) mm/year 400 4 400 4 400 4 400 4 400 4
Rockfall frequency (f) 3 9 3 9 3 9 3 9 3 9

In Slope 5, it is not possible to perform the modified rockfall classification (RHRSmod)
because it is not located on the side of the road, and therefore it cannot be assigned values
and scores for different parameters such as: Effectiveness of the ditch, average vehicle risk,
decision sight distance, and roadway width. In summary, the classification (RHRSmod)
cannot be carried out because it is a slope that is not on the side of the road. (RHRSmod).

3.3. Kinematic Analysis

As shown in Table 7 and Figure 6, different possible failure modes have been identified
for five of the six slopes analyzed using the kinematic analysis. Four of the slopes studied
may present wedge failure, three might have a planar fracture, and two could present
failure due to overturning. Slopes 2, 4, and 6 show more than one possible failure mode
through kinematic analysis. On the other hand, Slope 3 is identified as partially stable for
the three types of failure; however, later, by comparing the results of the other methods, the
most probable type of failure will be identified in each slope. The kinematic analysis was
carried out on Slope 5 (See Figure 6e and Table 7). According to the SMR classification and
the kinematic analysis, it was determined that the instability of Slope 5 could be caused
by the J2 family and produce a failure only due to toppling; for this reason, the limit
equilibrium analysis was not carried out on said slope.

3.4. Limit Equilibrium Analysis

As expected, being consistent with the previous findings obtained, the limit equilib-
rium analysis presents results of FS < 1, showing instability for at least one type of failure in
each of the slopes studied. However, as shown in Table 8, although in the previous analyses,
there was the possibility of a flat and wedge failure for Slopes 2 and 4, respectively, with this
analysis, it is observed that for them, in some cases, Factors of Safety are greater than one
(FS > 1), thus determining that these types of failures are not the most unfavorable for the
said slopes. In the slopes in which, through the SMR classification and kinematic analysis, it
was determined that the possible failure was due to toppling, the limit equilibrium analysis
was not carried out because there was no detailed geometry of the slopes.
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Figure 6. Kinematic analysis: (a) Slope 1 (possible wedge failure J2-J3); (b) Slope 2 (possible planar
failure by J3); (c) Slope 3 (possible overturning J4); (d) Slope 4 (possible planar fracture J2 and J3);
(e) Slope 5 (possible overturning ]2); (f) Slope 6 (possible planar failure J1).

Table 7. Kinematic analysis: parameters and results to determine the stability of the slopes studied:
P = planar; W = wedge; T = Overturning; U = unstable; S = stable.

Slope N° $; ©) Type of Break Stability Discontinuity to Consider

P S /

1 34 W U J2-J3
T S /
P 8) J3

2 38 w U J1-J2
T S /
P PS 2

3 29 w PS J2-J4
T PS J4
P 8] J2y]3

4 37 W U J3-J4
T U N1
P S /

5 32 w S /
T 8] ]2
P U n

6 36 w U J1-J4
T PS ]2
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Table 8. Limit Equilibrium Analysis: safety factor against most unfavorable discontinuities:
W = Wedge; P = Planar.

Slope N° Type of Failure Security Factor (FS) Discontinuity to Consider
1 W 0.56 J2-J3
P 131 13
2 W 0.14 J1-J2
P 0.96 2
3 w 0.68 Jo—J4
4 P 0.39 J3
W 0.10 J3-J4
P 0.47 1
6 W 0.29 J1-J4

4. Discussion

The acquisition of the photographs, the measurement of the control points using a
manual compass and a tape measure, and the analysis of the opening, roughness, resistance,
and weathering of the discontinuities were the works carried out in the field. With the
application of the SfM technique and the creation of the 3DPC in the office, it was possible
to identify and measure discontinuities quickly and easily. In addition, the calculation of
the spacing and persistence of the discontinuities was performed more safely and accu-
rately. The authors’ subjectivity and judgments when manually identifying discontinuities
are eliminated when performing an automatic discontinuity analysis with the support
of programs such as DSE, thus obtaining more accurate measurements. However, it is
important to emphasize that the mean absolute variation of the dip and dip direction
are less than 10° and 5°, respectively, between the orientations obtained with the virtual
compass and automatically.

Significant fractures and discontinuities are observed on the faces of the six slopes
studied, slope dip angles greater than 75°, and heights of several tens of meters. Therefore, it
was presumable that possible breaks would be determined and identified when performing
the stability analysis. Each method used applies different parameters and considerations;
however, in all cases, at least one failure mode was determined for each slope.

From the analyses carried out on Slope 1, a possible wedge failure caused by the
intersection of the groups of discontinuities J2-J3 was determined. Slope 1 has the smallest
dip angle of the slopes studied and an RQD = 100, so it would be expected that a large part
of the slope was considered stable, as established by the Qgjope classification. However, in
Figure 1a, in the upper left part, the wedge-type failure of the slope was clearly observed.
In the case of Slope 2, located at km 80 + 900, its instability was identified by all the methods
analyzed. The intersection of the J1-J2 discontinuities could cause a wedge-type failure,
which would be the expected failure plane; however, no failure has yet been observed in
the field, and visually it was considered a stable slope. For Slope 3, two possible failure
modes were determined: the first planar failure produced by J2 and the second planar
failure produced by the intersection of J2-J4. Visually, some wedge and planar cracks were
observed, consistent with what was established in the analyses. Slope 4 is a quite particular
case since, according to the SMR classification and the kinematic analysis, they determined
the possibility that the three types of failure, while the limit equilibrium analysis confirms
the possible planar failure caused by J3 and the wedge generated by the intersection of J3-J4;
while in the field observation, no type of failure or breakage has yet been observed. In Slope
5, the possible failure due to overturning was determined only by means of the kinematic
analysis, while according to the SMR, it was considered stable as it is a natural slope;
on the other hand, small fallen blocks were visually observed, but with large openings
between the discontinuities, and also quite loose and large blocks. As for Slope 6, located
at km 91 + 080, both visually and through analysis, planar breaks caused by J1 and wedge
breaks were identified due to the intersection of discontinuities J1-J4.
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On the other hand, the RHRS,,,,4 classification becomes essential due to the large
number of rocks of considerable size arranged on the sides of the road. In the slopes
analyzed, RHRS,,,4 values greater than 300 are found in Slopes 1 and 3, which require
immediate corrective measures. Additionally, it would be important to focus future studies
on the area solely on the RHRS,,,o4 classification since there are a large number of high- and
poor-quality slopes there, prone to constant landslides and rockfalls.

This study highlights the importance of using several slope stability analysis methods,
which allow for comparing and adequately identifying their stability and the failure mode,
and the discontinuities to be considered. However, it is imperative to identify the most
appropriate analysis methods according to the reality of each slope. For example, the
Qslope Classification was created for the excavation of new slopes, so in this study, it does
not provide the same amount of information compared to the SMR, kinematic, and limit
equilibrium. In addition, it can give false results, as in the case of the present Slope 1
in which a wedge fracture was clearly observed; however, by means of Qgjope it was
determined as stable.

Finally, in Table 9, a summary of the stability of the slopes studied is presented,
determined by the methods mentioned above, and a comparison is made with what was
observed in the field.

Table 9. Identification of the stability of the slopes studied by the different methods: U = Unstable;
S = Stable; N.A. = Not Applicable; M = Medium Risk; H = High Risk.

Slope N° SMR Qstope RHRS 104 Kinematic Analytic Visual Description
1 8} S H 8) U 8] Wedge cracks
2 U 8) M 8) 8] S No breakage observed
3 U U M S U U Planar and wedge cracks
4 8} 8] M 8] U S No breakage observed
Very loose
> 5 N-A. N-A. v N-A v blocks/overturning observed
6 8} 8] H 8) U U Planar and wedge cracks

5. Conclusions

The methodology followed in the present work for the use of the SfM technique
allowed the survey of the slopes in a safe and fast way, acquiring the photographs with
the respective control points in an average time of 20 min per slope. SfM allows a detailed
analysis of the discontinuities in terms of orientation, spacing, and persistence and provides
unbeatable access capacity to elevated areas on high slopes. From the photographs, it was
possible to reconstruct the slope and identify the discontinuities with DSE automatically
with the measurement of thousands of orientations from the 3DPC, thus eliminating
subjectivity and the low amount of data obtained with the virtual compass in Cloud
Compare; however, maintaining consistency in the results obtained in both cases.

In the five different methodologies used to analyze the stability of the slopes, results
attached to reality were obtained. When applying the Qgjope, whose methodology does not
consider the orientation of the discontinuities, findings can differ from what is observed in
reality, as is the case of Slope 1, which was determined stable, even though a detachment of
a block of considerable size was clearly noticed. On the other hand, the SMR classification
system is ideal for the study area since it considers the type of excavation and the orientation
of the discontinuities, which must be complemented with a kinematic analysis for possible
planar, wedge, and overturning fractures; or with a limit equilibrium analysis for planar
and wedge fractures to validate the results. In addition, SMR is a necessary parameter for
the RHRS,,,4 classification implemented in the present study.

Incorporating detailed information on the parameters involved in the RHRSmod
classification will allow more realistic results and an in-depth analysis of different slopes
in the study area regarding the danger of falling rocks. In the study area, a large number
of fallen rocks are observed on the side of the road, and closures and even road accidents
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are common in winter due to rockfalls. Therefore, a call is made to delve into the rockfall
hazard classifications to identify high-risk areas of rockfall along the highway and propose
possible corrective measures.

Author Contributions: Conceptualization, X.D.-R., C.P-M., SL., M.D.P.VE.,, M.M. and L]J.-B,;
methodology, X.D.-R., C.P-M,, SL.,, M.D.P.VE, M.M. and L.J.-B.; software, X.D.-R., C.P-M. and
L.J.-B.; validation, S.L., M.D.P.V.E.,, M.M. and L.J.-B.; formal analysis, X.D.-R. and C.P.-M.; investiga-
tion, X.D.-R., C.P-M., S.L.,, M.D.P.V.E., M.M. and L.J.-B.; resources, S.L., M.D.P.VE.,, M.M. and L.].-B.;
data curation, X.D.-R., C.P-M., S.L.,, M.D.P.V.E,, M.M. and L.J.-B.; writing—original draft preparation,
X.D.-R. and C.P-M.; writing—review and editing, X.D.-R., C.P-M.,S.L.,, M.D.PVE, MM. and L.].-B.;
supervision, S.L., M.M. and L.J.-B.; project administration, M.M. and L.J.-B.; funding acquisition,
M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research is partially funded by the Research Deanship of ESPOL Polytechnic University
and by the Geotechnics Master Program of the Faculty of Engineering in Earth Sciences (FICT,
acronym in Spanish) of ESPOL Polytechnic University in Guayaquil, Ecuador.

Acknowledgments: This research is the final product of a master thesis of the Geotechnics Master
Program of the Faculty of Engineering in Earth Sciences (FICT, acronym in Spanish) of ESPOL
Polytechnic University in Guayaquil, Ecuador. The authors thank the support of the Dean of Research
at ESPOL Polytechnic University. Last but not least, we are grateful to the editor and the three
anonymous referees for the detailed reviews that helped us improve the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following Abbreviations were used in the text:
SMR Slope Mass Classification
RHRS Rockfall Hazard Classification System
Qslope Barton’s Q slope index
SIM Structure from Motion
DSE Discontinuity Set Extractor
RMR Rock Mass Classification

Qsystem  Barton’s Q index
3DPC 3D Point Cloud

JRC Joint roughness coefficient

JCS Joint wall compressive strength

ucCs Intact rock strength

RQD Rock quality designation

SRF Stress reduction factor

GSI Geological resistance index

Jr Joint Roughness number

Jn Joint set number

Ja Joint alteration number

Jwwice Environmental and geological condition number
(@) Orientation factor of discontinuities
F1-F2-F3  Adjustment to RMR based on orientations
F4 Adjustment to RMR based on excavation method
B Maximum slope angle Qslope

by, Basic friction angle

br Residual friction angle

b; Instantaneous friction angle

On Normal effort

T Hoop stress

Y Specific weight

FS Security factor

Pest Stabilizing forces

Fes Destabilizing forces
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